Introduction
At present, coronary artery disease (CAD) is one of the leading causes of death and disability in the developed world. According to the American Heart Association, in 2005 alone, approximately 445,687 deaths in the USA were attributable to CAD, representing 20% of all deaths in the USA that year. CAD occurs due to the development of atherosclerotic plaques within the coronary arteries that supply oxygen and vital nutrients to the heart muscle. Several risk factors have been identified which contribute to the progression of this disease including smoking, Q1 hypertension, diabetes mellitus and high cholesterol (Lloyd-Jones et al. 2009 ). As an atherosclerotic plaque increases in size it can significantly restrict the flow of blood through a coronary artery, often resulting in myocardial infarction.
In the 1970s, percutaneous transluminal coronary angioplasty (PTCA) was introduced as a minimally invasive treatment for CAD. A typical PTCA procedure involves the use of X-ray guidance to deliver a balloontipped catheter to the diseased section of an artery. Once in place, the catheter balloon is inflated to a nominal pressure and compresses the atherosclerotic plaque against the arterial wall, improving the flow of blood to the heart. Although treatment with PTCA generally results in high clinical success rates, many patients redevelop the initial symptoms over 6 -12 months. This re-narrowing of the treated artery is caused by restenosis, the principal limitation of this procedure. Restenosis following PTCA is primarily attributed to the elastic recoil of the vessel wall and is observed in 30 -40% of treated patients (Fischman et al. 1994 ).
In the 1980s, bare-metal stents (BMSs) were introduced to reduce rates of restenosis associated with PTCA. A BMS is a small, cylindrical, wire mesh device that is crimped and loaded upon a balloon-tipped catheter and delivered to the diseased section of the artery. When the catheter balloon is inflated, the atherosclerotic plaque is compressed against the arterial wall as with PTCA and the metallic stent is expanded to a nominal diameter through plastic deformation. Following deployment, the stent remains within the artery minimising elastic recoil and maintaining vessel patency post treatment. Again, though treatment with a BMS will generally result in extremely favourable initial clinical results, re-narrowing of the treated artery is typically observed in 20 -30% of patients over 6-12 months (Fischman et al. 1994; Vivek and Stanley 2003) . This re-narrowing of the treated artery is due to in-stent restenosis (ISR). ISR is caused by neointimal hyperplasia within the vessel and is defined as a loss of $ 50% of the initial gain in lumen diameter achieved through stent placement.
In recent years, a number of drug-eluting stents (DESs) have been introduced in an attempt to address the problem of ISR. A DES typically consists of a BMS which has been coated in a formulation of anti-restenotic agents and suitable carrier materials. The drugs commonly employed are known to interrupt the key cellular and molecular processes associated with neointimal hyperplasia. To date, clinical evaluation has overwhelmingly proven the superiority of DESs over BMSs with reported reductions in ISR rates of between 60 and 80% (Morice et al. 2002; Moses et al. 2003; Stone et al. 2004; Ong et al. 2006) . Despite the success of DESs in the reduction of rates of ISR, concerns have arisen over the long-term biocompatibility of these devices due to cases of late adverse clinical events such as stent thrombosis (Daemen et al. 2007; Finn et al. 2007 ). As such, research in this area is currently centred on the identification and evaluation of improved stent designs and, the development of biocompatible and bioabsorbable stent materials.
As the performance of a stent deployed within a coronary artery can be difficult and expensive to evaluate experimentally, computational numerical methods have emerged as powerful tools in the assessment of stent design and performance. In recent years, numerical models utilising computational fluid dynamics and mass transport theory have been developed to investigate both blood flow within stented arteries and drug-transfer from a DES (LaDisa et al. 2002 (LaDisa et al. , 2004 (LaDisa et al. , 2005 Pontrelli and de Monte 2007; Balossino et al. 2008; Zunino et al. 2009 ). Furthermore, due to strong links between levels of vascular injury induced during stent deployment and the degree of ISR observed at follow-up, a number of studies have utilised the finite element (FE) method to investigate the structural properties of stents and their biomechanical impact on the coronary artery during deployment. As a result of rapidly increasing levels of computational power and the development of robust FE applications in recent years, the level of complexity and sophistication involved in these studies has risen considerably. The aim of this paper is to present a thorough review of the FE analysis of coronary stent deployment, highlighting the contribution of a number of key studies over the last decade.
In Section 1 of this paper, the major steps involved in an FE analysis of stent deployment are introduced and discussed. In the following two sections, several key studies involving the FE analysis of both stent-free expansion (Section 2) and stent deployment within a vessel (Section 3) are presented and in Section 4 conclusions are drawn and future prospects in the numerical analysis of coronary stents are briefly discussed. Over 50 studies representing the most widely cited works in this field were evaluated during the preparation of this review and it is intended that this paper will prove a valuable reference tool for future research in this area.
FE method for the analysis of stent deployment

Introduction
The FE method is a numerical technique used to obtain approximate solutions for systems of differential or integral equations applied over domains of complex shape. This process involves the discretisation of the domain of interest into a number of smaller sub-domains of simple shape known as FEs. Each of these elements consists of a series of control points, known as nodes, and the entire discretised domain is referred to as an FE mesh. In a typical structural analysis, the individual elements can be analysed using simple stress -strain relations and, through the consideration of equilibrium at each element interface and known boundary and loading conditions, a set of algebraic equations can be derived. The solution of these equations yields generalised nodal displacements which can be used to determine nodal values of both stress and strain. Assuming that certain numerical requirements have been satisfied, the solution obtained should approximate the exact physical solution.
A typical FE analysis of stent deployment involves a number of important pre-processing stages. The first of these stages involves the generation of FE meshes for each component in the analysis. These FE meshes are typically obtained directly from computer-generated solid models using mesh generation or discretisation algorithms. Material properties for each individual component must then be defined and appropriate boundary and loading conditions must be applied. Finally, a suitable solution methodology must be chosen. These steps are discussed in further detail in the following sections.
Solid model and FE mesh generation
The first stage in any FE analysis involves the generation of suitable solid models for each of the individual components being investigated. In an FE analysis of stent deployment, solid models of a stent, a catheter balloon and a stenotic artery may be required. Today, most commercially available FE packages facilitate solid model generation and also support models generated and imported from a number of stand-alone computer-aided design packages. Once generated, these solid models must be discretised into satisfactory FE meshes.
Due to the complicated geometrical design of most stents and because the majority of commercially available stents are subject to strict patent claims restricting the distribution of information regarding their geometrical features, the generation of a solid model of a stent is not a straightforward task. One strategy that has been utilised to develop FE meshes of a number of stent designs involves cutting an actual stent along its longitudinal axis and measuring important geometrical properties such as strut width, thickness and length using a microscope. Using these measurements, a model of the planar stent geometry can be accurately defined within an FE package. This model can then be discretised into a suitable mesh and rotated into its cylindrical configuration by coordinate transformation (Figure 1) . A second strategy that has been adopted in recent years involves the use of X-ray tomography to generate a detailed 3D model of the stent. Using this methodology, highly accurate FE meshes of complex stent designs can be generated. Stent solid models are generally discretised using solid elements.
In practice, a stent is crimped and loaded upon a balloon that is both tapered and folded onto a catheter. In studies in which the expansion of the stent has been simulated through balloon dilation, the catheter balloon is generally modelled as an idealised cylindrical surface and discretised using shell elements. In studies that have evaluated the expansion of a stent within normal and stenotic arteries, the artery is generally modelled as an idealised cylinder and discretised using solid elements while the stenosis is generally modelled as an idealised, parabola-shaped plaque and also discretised using solid elements.
Material properties
Before any FE analysis can be performed, the material behaviour of each component in the analysis must be defined using appropriate mathematical material models. Coronary stents are generally manufactured from biologically inert metallic materials such as medical grade 316L stainless steel. The behaviour of these materials is elasticplastic in nature and their response to uniaxial loading is highly non-linear. In the majority of studies to date, the stent material is simplified as a homogeneous, isotropic material and its behaviour is typically defined using bilinear and multi-linear plasticity models with isotropic hardening. These plasticity models are incorporated in most commercially available FE packages and are generally defined using data obtained from experimental tests. In order to simulate the expansion of the stent by balloon dilation, the material behaviour of the balloon must also be defined. Angioplasty balloons are usually manufactured from materials such as polyethylene terephthalate and polyamide, and their behaviour is typically modelled using linear elastic material models based on data provided by the manufacturer.
Predicting the material behaviour of arterial tissue has proven a difficult task due to the non-linear, anisotropic, stress-stiffening nature of the material. In the majority of studies, the arterial tissue is simplified as a homogeneous, isotropic and incompressible material and its behaviour is defined using a hyperelastic constitutive model. A hyperelastic material is an ideally elastic material for which the stress-strain relationship is derived from a strainenergy function. A strain-energy function is defined as a measure of the energy stored in a material as a result of its deformation and is generally fit to data obtained from experimental testing of arterial tissue. Most commercially available FE packages include a number of hyperelastic constitutive material models and suitable curve-fitting applications capable of capturing the behaviour of biological materials.
Boundary and loading conditions
For valid results, an FE mesh should only be subjected to realistic boundary and loading conditions that are representative of the actual conditions in question. For the analysis of stent deployment, the stent must be free to expand and contract in the radial and longitudinal directions yet fixed such that rigid-body motions are prevented. Generally, a small number of nodes in each of the discretised components in the analysis are constrained from movement in a very specific number of directions to avoid any rotational or translational movement.
In terms of loading conditions, stent expansion is typically achieved through displacement control, pressure control or through explicit modelling of a balloon. To date, studies in which stent expansion has been achieved through displacement control have involved the expansion of an analytical surface within the stent, while studies in which stent expansion has been achieved through pressure control have involved the application of a pressure load on the inner surface of the stent. When the presence of a catheter balloon is included in the analysis, the expansion of the stent is generally achieved through the application of a pressure load on its inner surface. As the balloon expands, contact conditions between it and the stent force the expansion of the stent.
Solution
Q1
The final step in the pre-processing stage of a structural FE analysis is the selection of a solution methodology capable of calculating the nodal displacements, stresses and strains. To date, studies on stent deployment have used either static or explicit analysis. A non-linear static structural analysis does not consider dynamic effects; however, due to the presence of large deformations in the analysis, a solution is generally obtained over a series of sub-steps to ensure numerical stability. During each sub-step, a fraction of the loading conditions is applied and the final solution is obtained in a piecewise fashion. Most commercially available FE packages incorporate a Newton-Raphson iterative solver for solving non-linear static structural problems (Mac Donald 2007) . The general equation solved in a non-linear static analysis is
where [K ] is the global stiffness matrix; {U} is the nodal displacement vector and {F} is the load vector.
A non-linear explicit analysis is another approach often used in FE modelling of stent deployment. The general equation solved in a non-linear explicit analysis is In an explicit analysis, the loading conditions are applied over a number of time steps and a solution is obtained through a time-integration procedure. During explicit time integration, the solver will increment a time step and determine if the loads applied to the structure are in equilibrium with the internal forces. Nodal accelerations are calculated directly from Newton's second law and a solution is obtained on an element-by-element basis (Mac Donald 2007) .
Review of FE analysis of stent deployment
Due to strong links between levels of vascular injury induced during stent deployment and ISR rates and in order to investigate the mechanical behaviour of coronary stents, the FE method has been utilised in a large number of studies to evaluate stent deployment. In the following sections, a number of key studies in this area have been categorised as either analyses of the deployment characteristics of stents during free expansion or analyses of the biomechanical impact of stents when deployed within a vessel, and are presented and discussed in Section 3.1 and 3.2, respectively.
FE analysis of the free expansion of coronary stents
In the context of stent analysis, the term free expansion is used to refer to the expansion of a stent without any outside impedance. To date, several studies have been carried out to investigate how geometrical properties, material properties and deployment methods affect the expansion characteristics of various stent designs (Whitcher 1997; Brauer et al. 1999; Dumoulin and Cochelin 2000; Etave et al. 2001; Tan et al. 2001; Chua et al. 2002 Chua et al. , 2003 Chua et al. , 2004a Migliavacca et al. 2002 Migliavacca et al. , 2005 Stolpmann et al. 2003; McGarry et al. 2004; Petrini et al. 2004; Savage et al. 2004; Gu et al. 2005; Hall and Kasper 2006; Wang et al. 2006; De Beule, Mortier, Belis et al. 2007; De Beule et al. 2008; Donnelly et al. 2007; Wu et al. 2007a; Xia et al. 2007; Ju et al. 2008; Lim et al. 2008; Mortier et al. 2008; Li et al. 2009 ). A number of these studies which represent significant contributions to research in this field are discussed and summarised in this section (Table 1) . Dumoulin and Cochelin (2000) presented results from one of the first studies of stent deployment to utilise the FE method. The aim of this study was to evaluate the deployment characteristics and long-term performance of a Palmaz -Schatz stent (Johnson & Johnson, New Brunswick, NJ, USA) following free expansion. The simplest of the numerical models considered in this study was based on the repeating unit cell of the Palmaz -Schatz stent ( Figure 2 ) and its expansion was achieved through the application of a pressure load on its inner surface. The decision to consider only the repeating unit cell of the stent was justified after the investigators examined the in vitro expansion of a Palmaz -Schatz stent, concluding that, except at its ends, it was almost uniformly expanded and evenly dilated. Rates of radial and longitudinal recoil were calculated and the results were validated against the manufacturer's data. Further numerical models were then generated to assess the buckling and fatigue life of the Palmaz -Schatz stent. This study represents one of the first attempts to evaluate the deployment characteristics of a coronary stent using the FE method.
One year later, Etave et al. (2001) presented results from a study of the deployment characteristics of both tubular and coil stents following free expansion. The tubular stent was an approximation of the Palmaz -Schatz stent, while the coil stent was an approximation of the Freedom stent (Global Therapeutics Inc., Broomfield, CO, USA). Stent expansion was achieved through the application of a displacement-driven loading condition upon the nodes of the stent and a number of expansion characteristics such as the deployment pressure, elastic recoil, stress -strain distributions and foreshortening for both stents were evaluated. Additional simulations were carried out to evaluate the conformability and the resistance to compression for both stents. This study represents one of the first comparative studies of two different stents carried out using the FE method. Migliavacca et al. (2002) presented results from a study carried out to investigate the effect of geometrical parameters such as metal-to-artery surface ratio, strut thickness and cell length on the deployment characteristics of a Palmaz -Schatz stent. The performance of the Palmaz -Schatz stent was then compared to two nextgeneration stents: the Carbostent (Sorin Biomedica, Saluggia, Italy) and Multi-Link Tetra (Guidant, Indianapolis, IN, USA) stents. The expansion of each stent was achieved through the application of a pressure load on its inner surface and it was observed that geometrical parameters had a significant influence on the deployment characteristics of the Palmaz -Schatz stent following free expansion. In particular, a lower metal-to-artery surface ratio was associated with higher rates of radial and longitudinal recoil and lower rates of dog-boning (stronger radial expansion at the extremities of the stent with respect to the mid-section of the stent). The deployment characteristics of the two next-generation stents following free expansion were also discussed. This study clearly demonstrates the potential of the FE method in the optimisation of stent designs and also represents one of the first attempts to investigate the deployment characteristics of next-generation stents. Chua et al. (2004a) presented results from a similar study carried out to investigate the effect of geometrical parameters such as the number, width and length of individual stent cells on the deployment characteristics of a Palmaz -Schatz stent following free expansion. In this study, however, the expansion of the stent was achieved through the application of a pressure load on the inner surface of an idealised cylindrical balloon. It was observed that, although varying the number, width and length of the stent cells had only minor effects on the expanded diameter and foreshortening of the stent, it had a major influence on the rate of elastic recoil which decreased as the number of cells and the regularity of their distribution was increased. This study represents one of the first efforts to model the expansion of a stent through balloon dilation and again highlights the potential of the FE method in the optimisation of stent design.
In the same year, Petrini et al. (2004) presented results from a study carried out to compare the flexibility of two next-generation stents in both their unexpanded and expanded configurations. The stents considered were based on a section of the Carbostent and Bx-Velocity (Johnson & Johnson) stents and consisted of two strut segments connected by bridging or link members. This simplification was justified by the investigators through the observation that, in sufficiently curved vessels, the stresses induced on the stent cause it to behave as a series of rigid bodies (the strut segments) connected by individual hinges (the bridging members). To measure the flexibility of the stents in both their unexpanded and expanded configurations, a fixed angular rotation was applied at the extremities of each stent model. Results, expressed in terms of a bending moment-curvature index, demonstrated a different response for the two stents. In particular, the Bx-Velocity stent was associated with a higher degree of flexibility while lower levels of flexibility were observed for both stents in their expanded configurations. According to the authors, the main limitation of this study is the absence of the delivery system in the analysis of the unexpanded stent models. Experimental testing of manufacturer-mounted stents has shown that the presence of a delivery catheter has a significant influence on stent flexibility (Dyet et al. 2000) . AlsoMcGarry et al. (2004) presented results from a study carried out to evaluate the deployment characteristics of a 2D approximation of the repeating unit cell of the NIR stent (Boston Scientific, Natick, MA, USA) Q2 during free expansion. The aim of the study was to compare the performance of the unit cell when its material properties were defined using either macroscopic or microscopic mathematical material models. It was argued by the authors that since the typical dimensions of a stent strut are of a similar order of magnitude to the average grain size for stainless steel, a crystal plasticity material model may be more suitable than classic plasticity material models for the numerical analysis of coronary stents. Expansion, recoil and cyclic loading of the unit cell were achieved through the application of displacement and pressure loads at specific nodes within the unit cell. It was observed that the crystal plasticity material model was capable of predicting non-uniform and localised stress -strain fields where the classic plasticity material model could not. The results of this study suggest the possible benefits of using micro-scale material models in the FE analysis of coronary stents though, according to the authors, full 3D modelling should be performed to improve the accuracy of the measured deployment characteristics and also to assess the accuracy of results obtained from the 2D analysis. Migliavacca et al. (2005) presented results from a study carried out to compare the deployment characteristics of both numerically modelled and real Bx-Velocity stents during free expansion. Using the FE method, the expansion of the modelled stent was achieved through the application of a pressure load on its inner surface, while the expansion of the real stent was achieved through balloon dilation. It was observed that although the modelled stent accurately predicted the initial expansion of the real stent, the behaviour of the modelled stent when subject to higher pressure loads was not descriptive when compared to that of the real stent (Figure 3 ). It was concluded by the authors that the omission of a balloon in the numerical analysis was the decisive element in interpreting these discrepancies and that its presence should not be neglected in future studies. Hall and Kasper (2006) presented results from a study Q1 carried out to compare the performance of several FE element types for the accurate and efficient numerical analysis of stent deployment. The stent considered was an approximation of the Bx-Velocity stent and in total six different numerical models were generated using variations of 3D solid and 2D shell and beam elements. The expansion of each stent was achieved through the application of a displacement-driven loading condition upon a cylindrical analytical surface. It was observed that each of the element types ensured a similar response despite differences in the dimensionality of the numerical models. It was also noted that, compared to the shell and solid elements, the beam elements were capable of predicting similar maximum and minimum values of stress and strain at identical locations on the stent while significantly reducing computational requirements.
In the same year, Wang et al. (2006) presented results from a study carried out to assess the effect of stent and balloon geometrical properties, such as strut width and balloon length, on the transient behaviour of two study-specific stents during free expansion. The balloon was modelled as an idealised cylinder and the expansion of the stents was achieved through the application of a pressure load on their inner surface. It was observed that varying the proximal and distal strut width and the balloon length had a significant effect on the degree of dog-boning exhibited by each stent during free expansion. It was stated by the authors that a zero-shortening stent could conceivably be designed through the control of these parameters and through the adjustment of the position of the links in the stent geometry. To validate the results of the numerical analysis, the transient behaviour of the modelled stents was compared to that of several real stents expanded through balloon dilation. Although the real stents were longer than the modelled stents (17 mm vs. 10 mm), similar expansion profiles were observed between a number of the modelled stents and their experimental counterparts.
De Beule et al. (2008) presented results from a study carried out to compare the transient behaviour of a Bx-Velocity stent during free expansion achieved through three different loading scenarios. In the first simulation, the expansion of the stent was achieved through the application of a pressure load directly on the inner surface of the stent. In the second simulation, expansion of the stent was achieved through the application of a displacement-driven loading condition on the inner surface of an idealised cylindrical balloon. In the final simulation, the expansion of the stent was modelled through the application of a pressure load on the inner surface of a sophisticated model of a tri-folded catheter balloon. It was observed that the transient behaviour of the stent was highly dependent on the loading scenario employed to simulate its expansion (Figure 4 ). Ignoring the presence of a balloon in the expansion of the stent leads to an unrealistic expansion profile characterised by larger radial displacements in the central section of the stent compared with its extremities. In the second loading scenario, the profile of the stent was characterised by the displacement-driven expansion of an idealised cylindrical balloon and, as such, no bulging or dog-boning effects were observed. Only the simulation which incorporated the actual folded shape of the balloon was capable of capturing the dog-boning of the stent during its free expansion. The results of the simulations were validated against the manufacturers' data and it was noted that accounting for the presence of the folded balloon ensured an extremely close agreement between the predicted and the manufacturers' pressure -diameter measurements. Lim et al. (2008) presented results from a study of the Q1 deployment characteristics of several stents during free expansion. The aim of the study was to identify potential stent design parameters capable of reducing the possibility of ISR driven by foreshortening and dog-boning. Threedimensional numerical models of seven commercially available stents and a tri-folded catheter balloon were generated and considered in the study. Interestingly, the catheter balloon was discretised using a number of shell and fluid elements and the expansion of each stent was then achieved through a volume control process. Validation of this approach was performed by comparing predicted pressure -diameter relationships to experimental data reported in the literature (Dumoulin and Cochelin 2000; Migliavacca et al. 2005; Wang et al. 2006 ). Similar expansion profiles were observed for each stent, and predicted rates of foreshortening and dog-boning were measured. The authors noted that rates of foreshortening and dog-boning were generally higher among stents comprising closed unit cells connected by straight-line link elements as opposed to open unit cells connected by bend-shaped link structures.
FE analysis of stent deployment within a vessel
To date, several studies have been carried out to investigate how geometrical properties, material properties and deployment methods affect the expansion characteristics and biomechanical impact of stents when deployed within both normal and occluded coronary arteries A number of studies that represent significant contributions to research in this field are discussed and summarised in this section (Table 2) . Auricchio et al. (2001) presented results from a study carried out to investigate the deployment characteristics of a Palmaz-Schatz stent when expanded within an idealised stenotic artery. The stenotic artery was modelled as a cylindrical vessel with a parabola-shaped plaque. Both the artery and the plaque were simplified as isotropic, homogeneous, incompressible materials and their material behaviour was defined using hyperelastic constitutive material models based on data reported in the literature (Hayashi and Imai 1997) . The expansion of the stent was achieved through the application of a pressure load on its inner surface and a number of stent deployment characteristics such as elastic recoil, foreshortening and metal-toartery-ratio surface ratio were calculated. This study represents one of the first attempts to utilise the FE method to analyse the expansion of a stent within a stenotic artery. Chua et al. (2004b) presented results from a study carried out to evaluate the deployment characteristics of a Palmaz -Schatz stent when expanded within an idealised stenotic artery and to assess the degree of stent-induced arterial stresses incurred in the vessel. The stenotic artery was modelled as a cylindrical vessel with a parabola-shaped plaque. Both the artery and the plaque were simplified as homogenous, isotropic and incompressible materials and their behaviour was defined using linear elastic material models based on data reported in the literature (Veress et al. 2000) . The expansion of the stent was achieved through the 
Aim:
to investigate the effect of stent deployment on stresses and strains in both a stent and the vessel wall of a realistic, patient-specific model of a stenotic artery Conclusions:
Predicted arterial stresses were concentrated behind stent struts and where the thickness of the arterial wall was a minimum.
Peak stresses were coincident with locations where increased neointimal hyperplasia is generally observed. Stress levels and distribution were similar for increased strut thickness but required increased inflation pressure Aim:
to evaluate the influence of plaque composition on the degree of underlying arterial stresses induced following deployment of a Driver stent within an idealised stenotic artery Conclusions: the material properties of a plaque have a significant influence on the underlying arterial stresses induced during stent deployment with stiffer plaques playing a protective role during stent deployment application of a pressure load on the inner surface of an idealised cylindrical balloon ( Figure 5 ). It was observed by the authors that the regions which were subject to the highest stresses in the stenotic artery coincided with locations at which most plaque ruptures have been reported. Deployment characteristics of the stent were also reported and it was observed that the maximum diameter achieved when the stent was expanded within the stenotic artery was significantly less than the maximum diameter achieved by the stent during free expansion. Although the behaviour of the stenotic artery was idealised using linear elastic material models, the results obtained demonstrate the possible regions of high stresses that may be induced during stent deployment within a stenotic artery. Lally et al. (2005) presented results from a study carried out to investigate the effect of two different stent designs on the degree of stent-induced arterial stresses in an idealised stenotic artery. The stents considered were based on the expanded configuration of the S7 (Medtronic AVE, Minneapolis, MN, USA) and NIR stents. Again, the stenotic artery was modelled as a cylindrical vessel with a parabola-shaped plaque. Both the artery and the plaque were simplified as homogenous, isotropic and incompressible materials and their behaviour was defined using hyperelastic constitutive material models based on data reported in the literature (Loree et al. 1994; Prendergast et al. 2003) . To simulate the expansion of the stent within the stenotic artery, a two-step procedure was employed. First, the stent elements were deactivated and the vessel was expanded to a diameter greater than that of the stent through the application of a sufficient pressure load on its inner surface. In the second step, the stent elements were reactivated and the pressure load on the inner surface of the vessel was gradually reduced to a value corresponding with mean blood pressure. It was observed that the NIR stent subjected significantly larger volumes (21 vs. 4%) of the vessel to high tensile stresses (.4 MPa). A correlation was observed between the volume of the arterial vessel subject to high levels of stent-induced stresses and the reported ISR rates for the both stents. The results of this study again highlight the potential of the FE method in the design and optimisation of coronary stents. Liang et al. (2005) presented results from a study carried out to evaluate the deployment characteristics of a study-specific stent when expanded within an idealised stenotic artery and to assess the degree of stent-induced arterial stresses incurred in the vessel. The stenotic artery was modelled as a cylindrical vessel with a cylindershaped plaque. Both the artery and the plaque were simplified as homogenous, isotropic and incompressible materials and their behaviour was defined using hyperelastic constitutive material models. The constitutive model for the arterial tissue was derived from experimental testing of human arterial tissue, while a novel visco-plastic material model was established for the plaque to simulate both the elastic deformation of the plaque itself and the non-elastic deformation of the interlining between the plaque and the artery. The authors state that this is clearly a limiting assumption due to the lack of experimental data. The expansion of the stent within the vessel was achieved through the application of a pressure load on the inner surface of an idealised cylindrical balloon. The distribution of stress within both the stent and the vessel and the rate of elastic recoil of the stent when expanded with and without the presence of the vessel were reported. It was observed that, as the length of the stent was greater than that of the plaque, its extremities tilted during its deployment. This resulted in high stress concentrations in the corresponding section of the arterial wall and it was noted by the authors that the areas in question coincide with common sites at which ISR tends to occur in clinical practice.
In the same year, Holzapfel, Stadler, Gasser (2005) presented results from a study carried out to investigate the effect of various geometrical parameters such as stent cell dimensions and strut thickness on the biomechanical impact of three different stents when expanded within a realistic, patient-specific model of a stenotic artery. Three stent designs were considered in the study and were based on the Multi-Link, NIR and InFlow Gold (Boston Scientific) stents. A realistic model of a stenotic artery was generated using magnetic resonance images of an actual iliac artery. The properties of several sections of the stenotic artery were defined using a number of hyperelastic constitutive material models based on experimental data reported in the literature (Holzapfel et al. 2000 (Holzapfel et al. , 2002 (Holzapfel et al. , 2004 . The expansion of the stents within the vessel was achieved through the application of a pressure load on their inner surface. The results of this study were used to investigate the influence of mismatch, strut thickness and cell geometry on intimal pressure concentrations and the degree of stent-induced arterial stresses. Although the authors noted that the conclusions drawn in the study are relevant only for the considered stenotic artery, this study highlights the potential of the FE method in simulating stent expansion within realistic, patient-specific stenotic vessels. Bedoya et al. (2006) presented results from a study carried out to evaluate the effect of geometrical parameters such as axial strut spacing, ring amplitude and strut radius of curvature on the deployment characteristics of a studyspecific stent when expanded within an idealised normal artery and to assess the degree of stent-induced arterial stresses incurred in the vessel. The artery was modelled as a homogenous, isotropic and incompressible cylindrical vessel and its behaviour was defined using a hyperelastic constitutive material model based on the results of pressure -diameter and force-elongation tests carried out on a porcine carotid artery. The expansion of the stent within the vessel was achieved using a similar strategy to that reported by Lally et al. (2005) and it was observed that the deployment characteristics and the degree of stent-induced arterial stresses were strongly affected by the geometrical features of the stent. It was noted that, of the stents considered, the one which incorporated the largest strut spacing, ring amplitude and radius of strut curvature was superior to the other stents in terms of reduced stent-induced arterial stresses. Timmins et al. (2007) extended the work of Bedoya et al. (2006) by developing a numerical subroutine to optimise the design of the stent based on its performance when deployed within a normal artery. Based on the numerical results, single parameter outputs derived from the predicted levels of stent-induced arterial stress, lumen gain and cyclic deflection were defined and utilised in an optimisation algorithm developed to automatically generate improved stent geometries. These studies further highlight the potential of the FE method in the optimisation of coronary stents design. Wu et al. (2007c) presented results from a study carried out to evaluate the biomechanical impact of a study-specific stent when deployed within both straight and curved stenotic arteries. The straight vessel was modelled as an idealised cylinder with a parabola-shaped plaque, while the curved vessel was modelled in an identical fashion but defined with a curvature of 0.1 mm 21 in a toroidal coordinate system. Both the arterial tissue and the plaque were simplified as homogenous, isotropic and incompressible materials and their behaviour was defined using hyperelastic constitutive material models based on data reported in the literature (Lee 2000) . To simulate the expansion of the stent in the curved vessel, contact was initially deactivated and a pressure load was applied to the inner surface of the vessel causing it to expand to a diameter greater than the expanded diameter of the stent. Next, all deactivated contact elements were reactivated and the expansion of the stent was achieved through the application of a displacement-driven boundary condition on a cylindrical analytical surface. Once the stent had been expanded, the pressure load on the vessel was gradually reduced to that of mean blood pressure. According to the authors, the stent completely failed to conform to the shape of the curved vessel, causing it to straighten inducing high levels of stress in the plaque at the point of inner curvature and in the arterial wall at its outer extremities. The maximum stress recorded in the curved vessel was three times that predicted in the straight vessel and it was concluded by the authors that the non-conformity of the stent was due to insufficient deformation of its link segments, especially at the extremities of the stent.
The following year, Gervaso et al. (2008) presented results from a study carried out to compare and contrast the degree of arterial stress induced in a normal artery following the deployment of a Bx-Velocity stent achieved through three different loading scenarios. The artery was modelled as an idealised cylinder and partitioned into three layers of equal thickness, representing the tunica intima, media and adventitia. These individual tissues were simplified as homogenous and incompressible materials and their behaviour was defined using hyperelastic constitutive material models based on data reported in the literature (Holzapfel, Sommer, Gasser, Regitnig 2005) . In the first simulation, the expansion of the stent was achieved through the application of a pressure load directly on the inner surface of the stent. In the second simulation, expansion of the stent was achieved through the application of a displacement-driven loading condition on the inner surface of an idealised cylindrical balloon. In the final simulation, the expansion of the stent was modelled through the application of a pressure load on the inner surface of a deflated, tapered catheter balloon. It was observed that the predicted distribution of stent-induced arterial stress is highly dependent on the loading scenario employed to simulate the expansion of the stent. Simulation of the tapered balloon resulted in a more diffuse distribution of circumferential and radial stresses in the vessel wall, and based on this observation the authors concluded that realistic balloon modelling is essential for accurately predicting the degree of arterial injury caused during stent placement.
In same year, Gijsen et al. (2008) presented results from a study carried out to investigate the biomechanical impact of a Bx-Velocity stent when expanded within a realistic, patient-specific model of a stenotic artery. This realistic arterial model was generated based on biplane angiography and intravascular ultrasound measurements of an actual borderline stenotic right coronary artery. The artery was modelled as a homogenous, isotropic and incompressible material and its behaviour was defined using a hyperelastic constitutive material model. It was noted that the stressstrain relationship defined by this model was typical of that reported in the literature (Prendergast et al. 2003; Holzapfel, Sommer, Gasser, Regitnig 2005) . The stent was appropriately positioned within the vessel and its expansion was achieved through the application of a pressure load on its inner surface. It was observed by Gijsen et al. that due to the tapered nature of the vessel, larger dilation of the stent was achieved in the proximal section of the artery where the preexpansion lumen diameter was highest. Predicted arterial stresses were concentrated in the region coincident to the stent struts and where the thickness of the vessel wall was a minimum. It was also noted that the predicted stresses coincided well with locations where increased neointimal hyperplasia is generally observed. The methodology developed in this study was proposed as a preclinical evaluation tool for the identification of optimal stent designs for the treatment of patients on a lesion-specific basis. Capelli et al. (2009) presented results from a study carried out to assess the influence of stent cell geometry on the degree of arterial tissue prolapse observed during stent deployment within an idealised normal artery. Five different stents were considered and were based on the Palmaz -Schatz, Bx-Velocity, Multi-Link, Jostent Flex (JoMed, Helsingborg, Sweden) and Carbostent stents. Again, the artery was modelled as a cylinder and partitioned into three layers of equal thickness, representing the tunica intima, media and adventitia. The arterial tissues were simplified as homogenous and incompressible materials and their behaviour was defined using hyperelastic constitutive material models based on data reported in the literature (Holzapfel, Sommer, Gasser, Regitnig 2005) . The expansion of each stent was achieved through the application of a pressure load on the inner surface of a deflated, tapered catheter balloon. Once the stent had been deployed, the stresses induced in the arterial wall and the degree of tissue prolapsed within the stent cells were evaluated. Similar distributions of stent-induced arterial stresses were observed for each of the five stents and the highest measure of tissue prolapse, expressed in terms of radial recoil and printed area (the greatest inscribable convex quadrilateral in the expanded stent cell), was observed in the Carbostent model, which coincidentally had the highest printed area. The results of this study further underline the importance of stent geometrical properties in the optimisation of stent design.
Also Pericevic et al. (2009) presented results from a study carried out to evaluate the influence of plaque composition on the degree of underlying arterial stresses induced following the deployment of a Driver stent (Medtronic AVE) within an idealised stenotic artery. The stenotic artery was modelled as a cylindrical vessel with a parabola-shaped plaque. Both the artery and the plaque were simplified as homogenous and incompressible materials and their behaviour was defined using hyperelastic constitutive material models. The constitutive model for the arterial tissue was based on data reported in the literature while separate constitutive models, also derived from data reported in the literature, were introduced for three different classifications of atherosclerotic tissue (cellular, hypercellular and calcified; Loree et al. 1994; Lally et al. 2004) . The expansion of the stent was achieved through the application of a pressure load ranging from 0 atm to either 9, 12 or 15 atm on its inner surface, and it was observed that the material properties of the plaque had a significant influence on the stresses induced in the underlying arterial tissue. Overall, the highest stresses were predicted in the vessel with the hypercellular plaque, while the stiffer calcified plaque appeared to play a protective role in the vessel, reducing the levels of stress observed within the underlying tissue Figure 6 . Von Mises stress distribution in a normal artery as a function of plaque classification following stent deployment at three different pressure loads (Pericevic et al. 2009 ).
( Figure 6 ). The results of this study suggest that higher pressures could be applied to calcified plaques during stent expansion with a lower risk of arterial injury.
Conclusion
Computational numerical methods such as the FE method have emerged as essential and widely adopted tools for the assessment and optimisation of biomedical devices such as coronary stents. To date, the FE method has been utilised in a large number of studies to investigate both the structural properties of stents and their biomechanical impact on the coronary artery during deployment. Over the past decade, rapidly increasing levels of computational power have led to considerable increases in the level of complexity and sophistication involved in these studies. Today, elaborate models of commercially available stents, tri-folded catheter balloons and stenotic arteries are the norm, while the idealised material models initially used to describe the behaviour of complicated biological tissues have been superseded by sophisticated hyperelastic constitutive material models. The development of this research over the last decade has been thoroughly reviewed in this paper by highlighting the contribution of a number of key studies in this field. In the coming years, advances in the numerical analysis of coronary stents should allow for more work to be carried out with patient-derived arterial models. Although simplified approaches have contributed enormously to the current level of understanding of the structural properties of coronary stents, there is a need to investigate the performance of these devices within realistic models of stenosed arteries. To the best of the authors' knowledge, only the work of Holzapfel et al, Kiousus et al. and Gijsen et al. have utilised patientderived arterial geometries in the structural analysis of stent deployment. These studies provide a deep insight into the response of an actual stenosed vessel under the supra-physiological loading conditions induced during stent placement. The use of patient-derived arterial models in conjunction with constitutive material models, capable of capturing the non-linear, anisotropic behaviour of diseased and non-diseased arterial tissue, has the potential to provide a scientific basis for the identification and optimisation of suitable stent geometries and materials in the treatment of CAD on a patient-specific basis.
Also, as DESs continue to succeed BMSs in the treatment of CAD, future advances in the numerical analysis of coronary stents will likely involve the coupling of the FE method with other numerical methods such as computational fluid dynamics and mass transport analysis. Through the coupling of these numerical methods, as displayed by the promising work of Zunino et al. (2009) , comprehensive models for the evaluation of stent performance in terms of its deployment characteristics influence on local vessel haemodynamics and effective drug-release may be developed. Furthermore, as bioabsorbable coronary stents such as the BVS everolimuseluting stent (Abbott Vascular, Santa Clara, CA, USA) continue to perform well in clinical evaluation (Serruys et al. 2009 ), sophisticated numerical models capable of predicting both device degradation and drug-release from the device, such as that proposed by Perale et al. (2009) will be required. It is possible that the development, adoption and coupling of each of these numerical methods may one day lead to their direct incorporation in clinical practice.
